Abstract: A universal power quality manager (UPQM) is presented. The active power balance of this UPQM is analysed. Based on the analysis a control scheme is established in a two-phase synchronous rotating dq-frame. In this control scheme the series active filter (AF) is controlled as a current source and makes the input current sinusoidal, while the shunt AF is controlled as a voltage source and it keeps the load voltage at the normal value. The performance of a UPQM with the proposed control scheme under different nonlinear load and source disturbance conditions is experimentally investigated.
Introduction
Electricity utilities aim to provide a reliable energy supply that has a fixed voltage magnitude, a constant frequency and a pure sinusoidal voltage waveform. Power quality problems are inevitable in a power grid where the generation centres or high power corridors are geographically distant from the consumers. Long transmission lines with a high impedance cause a substantial voltage drop, which results in an insufficient voltage regulation near the end of line. Power electronics based equipment connected to the grid causes nonsinusoidal grid currents due to its nonlinear characteristics. The nonsinusoidal current will cause a grid voltage distortion and increase the overall reactive power demanded by the equivalent load. At the same time, developments in digital electronics/communications and in process control have increased the number of sensitive loads that require ideal sinusoidal supply voltages for their correct operation.
In order for the power quality to meet these limits proposed by standards it is necessary to include some sort of compensation. Conventionally passive L-C filters have been used to reduce harmonics and capacitors have been used to improve the power factor of the AC loads. However, passive filters have the disadvantages of a fixed compensation, a large size and resonance effects. The increasing levels of harmonic pollution in power networks has motivated engineers to develop dynamic and adjustable solutions to the power quality problem. In recent years, with the development of power electronics, converter-based active filters have been used to improve the power quality [1] [2] [3] . Active shunt filters [4, 5] have found wide use in the elimination of current harmonics, reactive power compensation (also known as STATCOM), and the balancing of unbalanced currents. They are mainly used at the load end and work by injecting equal compensating currents, opposite in phase, to cancel harmonics and/or the reactive components of the nonlinear load current at the point of connection. Active series filters [6] are connected before the load in series with the mains and use a matching transformer, to eliminate voltage harmonics and to balance and regulate the terminal voltage of the load or line. Such a filter can be installed by electricity utilities to compensate voltage harmonics and to damp out harmonic propagation caused by resonance with line impedances and passive shunt compensators. A hybrid filter [7] , which is a combination of an active series filter and a passive shunt filter, is increasingly popular because the solid-state devices used in the active series part can be relatively small and cheap (about 5% of the load size) and a major part of the hybrid filter consists in passive shunt L-C filters that can be used to eliminate lower order harmonics. Thus, the hybrid filter has the capability of reducing voltage and current harmonics at a reasonable cost. However, its use of passive shunt filters means that it can only absorb certain orders of harmonics.
Active filters can compensate only one power quality aspect such as terminal voltage flicker, load current harmonics/reactive power compensation, or source voltage unbalance. A combined system (the so-called universal power quality controller (UPQC) or universal power quality manager (UPQM) of series and shunt active filters to provide flexible power quality compensation functions that can compensate more than one power quality aspect at the same time has been studied in [1, [8] [9] [10] . It can regulate the terminal voltage, eliminate the harmonic current and compensate the reactive power at the same time. In the control strategy for this type of circuit structure, the series active filter (AF) is controlled as a voltage source to compensate source voltage flicker and harmonics, whereas the shunt AF is controlled as a current source to absorb the current harmonics generated by the nonlinear load and regulate the DC link voltage [8] [9] [10] [11] [12] . After such compensation the voltage at the load terminal will be sinusoidal in the normal magnitude, the power source output current will be sinusoidal and the input power factor will be unity. However, it is difficult to obtain the compensation signal generated for the series AF and the shunt AF and either a high-pass filter or a low-pass filter [8, 9] is needed which will influence the dynamic performance. The use of a neural network (NN) for the compensation signal generation was discussed in [13] . The NN has an excellent steady and dynamic performance, however, its realisation in practical applications is rather complex and experiment results are needed to prove its effectiveness.
A UPQM control scheme will now be proposed that is based on an analysis of a UPQM's active power balance. In this control strategy, the series AF is controlled as a sinusoidal current source to make the input current sinusoidal and regulate the DC link voltage whereas the shunt AF is controlled as a voltage source to maintain the load voltage sinusoidal in the normal value. No low-pass filter or high-pass filter is needed. Both AFs can be controlled as a normal inverter/rectifier. Thus, techniques that are suitable for conventional inverters/rectifiers can be applied conveniently and with the proposed control strategy the UPQM can achieve the following tasks simultaneously: (i) line voltage harmonics compensation; (ii) load current harmonics compensation; (iii) fundamental voltage regulation; (iv) voltage flicker compensation; and (v) fundamental reactive power compensation.
The whole control scheme is established in a synchronous rotation frame with the techniques that have been already applied in inverter/rectifier control. The effectiveness of the proposed scheme will be experimentally tested using a 20 kVA prototype tested under different load conditions. Figure 1 presents the experimental power circuit configuration of a specific UPQM. It consists in series and shunt three-phase three-wire active filters. The series AF is 4 kVA and the shunt AF is 20 kVA. The large volume of the shunt AF is selected for the reactive power compensation. The operation of the series active filter forces all the load current harmonics to flow into the existing shunt AF. In addition the active power analysis presented in the following Section indicates that there is also active current flowing into the shunt AF. Another task of the series AF is to regulate the DC link voltage, thus the DC link is kept at a constant voltage even when a large amount of active power is present in the UPQM system either due to the power source voltage swell or the sag condition. The operation of the shunt AF will decrease the voltage distortion on the input transformer of the series AF. In this way, at the load terminals, the line-line voltage will be harmonic free. Passive components C 1 , C 2 and L 2 are used to remove the high frequency harmonics in order to eliminate the high-order harmonics caused by the converter switching. The circuit parameters are presented in Table 1 .
Experimental system configuration

Active power balance analysis
The active power balance for the experimental UPQM system as shown in Fig. 1 is now analysed. All the variables are indicated in the Figure. The total active power flowing from the power source is taken as P in , where:
If in the control scheme the input power source current is controlled to ensure (3):
were P dc indicates system cost. Then we can get:
Since
Equation (5) indicates the total active power that flowing into this UPQC system that just compensate the system cost. If we neglect the system cost, then the input active powers of the two AFs are balanced. This means that the active power flow into the UPQM from the shunt AF will flow out of the UPQM through the series AF and back to the utility. The whole UPQM system will not absorb any active power from the utility in this condition.
Considering the DC link current we can obtain the active power flowing into the series AF as: The active power that flowing into the shunt AF can be written as:
then the active power balance (3) can be changed to:
Ordinarily v s , v L , i L and P dc are not controllable or are required to be a normal value by the consumer. Only i s can be controlled to meet (3) . There are two methods to control i s , one is by controlling i 3 to control i s indirectly, the other is to directly control i.
The former is applied in the conventional control scheme for the UPQC by controlling the shunt AF's current, and the voltage compensation is provided by the series AF [8] [9] [10] . We intend to apply the latter by scheme by directly controlling the series AF's current to be sinusoidal at a set value.
Equation (5) also indicates the active power flow direction in the UPQM. If we neglect the system cost, using (5), (6) and (7) we can obtain:
Ordinarily the load voltage v L is controlled to have a normal amplitude and to be in phase with the source voltage v S , and the power source output current is also controlled to be sinusoidal and in phase with v S . So (9) can be rewritten as:
Equation (10) indicates that the active power flow direction will change under varying conditions. During the source voltage swell condition: v s j j4 v L j j then P series AF 40 and P shunt AF o0
During the source voltage sag condition: v s j jo v L j j then P series AF o0 and P shunt AF 40 Figure 2 gives a graphic representation of the active power flow.
The above analysis indicates that the power flow direction in the UPQM will change with the utility voltage sag/swell as graphically presented in Fig. 2 . This ensures the active power balance in the UPQM. In the proposed control scheme, the series AF is controlled as a current source and its impedance to the utility harmonic voltage is very large. Thus, the series AF can isolate the voltage distortion from the power source. The shunt AF is controlled as a voltage source and its impedance to the load harmonic current is very small, so it can absorb the load current harmonics. Thus, with co-operation between the two AFs, the UPQM can both isolate the utility harmonic voltage to the load and provide a reactive/ harmonic current to the load, while still maintaining the whole system power balance.
Our discussion has indicated that the UPQM can work properly by applying the proposed control scheme, and it can be added to the many existing methods that have already been studied for inverter/rectifier control [14] [15] [16] .
The control scheme for the shunt AF
The shunt AF's output voltage is controlled to be in phase with the utility voltage. In a three-phase three-wire system, the zero sequence component is not considered. From  Fig. 1 , the following equations can be used to describe the shunt AF in a d-q synchronous rotating frame: can be obtained using:
where T 3SÀ2R is the transfer matrix that is used to transfer the variables from a three-phase static abc-frame to a twophase synchronous rotating dq-frame. It can be defined as:
r cos ot cos ðot À 2p=3Þ cos ðot þ 2p=3Þ À sin ot À sin ðot À 2p=3Þ Àsin ðot þ 2p=3Þ ð14Þ where o is the synchronous angular velocity.
The d-axis is located on the same direction of the source voltage v S .
The mathematical model of the shunt AF is shown graphically in Fig. 3 . It is clear that there is a complex coupling relationship between the d-axis and the q-axis. To solve this problem a double-decoupling double-loop control strategy is applied. The control scheme is presented in Fig. 4 . There is an outer voltage and an inner current loop 
Fig. 3 Mathematic model of the shunt AF
with their corresponding decoupling components. This control structure can produce both a dynamic and a static performance. Because in this control scheme the d-axis is located in the same direction as the source voltage vector, the reference command is set as v Ld * ¼ V R , and v Lq * ¼ 0. Then the shunt AF can output a sinusoidal voltage in phase with the power source.
Series AF control
Controller for series AF
According to the above analysis the series AF is controlled as a sinusoidal current source. The circuit topology is shown in Fig. 1 . Because C 1 and the resistance of L 1 are very small they can be neglected when we analyse the series AF. Using the same transfer function as in (14) , the following equations can be used to describe the circuit in the same two-phase synchronous rotating dq-frame:
Here o is the synchronous angular velocity and for a 50 Hz system it is 314 rad/s. Equation (15) indicates that there is a cross-coupling between the d-axis and the q-axis and that will influence the dynamic performance. Furthermore, in normal conditions the input voltage v c2(a,b,c) contains numerous harmonics and that means that the system requires wide a response bandwidth to keep the input current sinusoidal. To solve this problem we use state feedback decoupling with voltage feed forward compensation [14] . The control diagram for the series AF is shown in Fig. 5 . After decoupling and feedforward compensation the systems the d and q axes are independent, the input voltage disturbance is eliminated, and each axis can be separately taken as a two-order system. A PID regulator with the same parameters can be applied to each axis to obtain a proper performance both in terms of steady and dynamic states. In this control scheme to obtain a unity power factor, i 1q * is set to zero and i 1d * is set according to the discussion in the following Section.
Reference signal generated for i
Ã ld Equation (5) indicates that the DC link voltage is affected by the total active power that flows into the UPQM during its operation. Ordinary the DC link capacitor is not large and the drawback with having a very small DC link capacitor is that the DC link voltage ripple becomes very sensitive to undesired variations in the active power flow. If the total energy that flows into the system is larger than the system cost, then the DC link voltage will increase. The DC link voltage will rise at a rate that increases as the capacitor value is decreased. If the rise time is too fast, protective control functions may not be able to stop the energy flow and the DC link voltage will be high enough to destroy the power semiconductors housed on the same DC link. Also, if the power flow is less than the system cost than the DC link voltage will decrease. If the DC bus voltage is too low then the whole UPQM system will break down.
To balance the active power flowing into the system and correctly control the DC link voltage, a DC link voltage regulator can be established mathematically in (16) according to (8) :
Here a PI regulator is used to maintain the DC link voltage and current i dc2 is applied as a feedforward compensator. The diagram for i 1d * generation is shown in Fig. 5 .
Performance of the UPQM
Extensive testing of a UPQM working with the proposed control scheme was carried out on a laboratory prototype module. The circuit topology and parameters are the same as those presented in Fig. 1 and Table 1 . In this system a double digital signal processor (DSP) control structure is used to realise the control scheme with a TMS320F240 being used as the controller. An 10 oscilloscope is used to record the waveform of the currents and voltages. In the experimental system, the sampling and switching frequency for both the series AF and the shunt AF were both 6 kHz. The UPQM is tested with different types of loads under source voltage sag conditions. Their circuit topology and parameters are shown in Fig. 6 . Obviously load A is a typical rectifier with a capacitor filter and it generates a significant amount of harmonic currents, while load B generates not only harmonic currents but also reactive power. The test results are shown in Figs. 7-9, and the values of all the quantities shown in these Figures are given. From Figs. 7 and 8 it can be seen that the line current is nearly sinusoidal and in phase with the line to a neutral voltage resulting in a near-unity power factor operation. The UPQM is able to absorb all the harmonic and reactive currents of the load. Despite the sag of the source voltage, the voltage at the load terminals is almost flicker-free and with a normal amplitude. During the source voltage swelling the performance of the UPQM is similar. The operational results of the UPQM are listed in Table 2 :. It is clear from Table 2 that the UPQM practically eliminates the current harmonics of the nonlinear load and the voltage harmonics at the load terminal. These results indicate that it is possible to make a utility that is free of harmonics even with a heavy nonlinear load. And that is very useful for industrial applications.
According to the active power balance mentioned in the previous Section, the input power should be equal to the output power, then:
So if the source voltage is lower than load terminal voltage then the source current will be greater than the load current,
(ii) Fig. 7 Waveforms of the UPQM with load type A (time ¼ 10 ms/ div)
whereas if the source voltage is higher than the load terminal voltage then the source current will be less than the load current. Consider for example the experimental results in Fig. 8 . The input phase-neural voltage is 175 V, the rootmean-square (RMS) input current is 34.7 A, and power factor is 0.989 as listed in the experimental data, the RMS load current is 30.9 A, the power factor is 0.8 and the load terminal line-line voltage is 380 V. Fig. 9 when the load jumps from zero to 20 kVA. It can be seen from the Figures that with the i 1d * generation strategy the input current increases as soon as the load changes to make the power flow in the UPQM balance. The whole system will move into a stable state within five utility periods, while the load terminal voltage changes very little.
Unbalanced conditions are not considered here. Although introducing a negative and zero sequence components controller can solve this problem, the control system will be made too complex [15, 16] . So in this (ii) Load current of phase A (50 A div) experiment, the proposed control strategy is tested in balanced conditions. Also, by reducing the system functions the system design can be greatly simplified.
Conclusions
A UPQM based on the combination of a series AF and a shunt AF has been presented, analysed and evaluated. Based on the analysis of the active power balance of the UPQM a control scheme has been presented for the UPQM in a two-phase synchronous rotating frame. By controlling the series AF and shunt AF as a rectifier/inverter separately, the UPQM can isolate the utility voltage harmonics from the load and absorb the harmonic/reactive current of the load whilst still and maintaining the power balance in the UPQM. The proposed control scheme is highly suitable for implementation with a DSP controller. The control strategy was experimentally validated using a laboratory prototype under different load conditions. The capability and flexibility of the device with the proposed control strategy to achieve its intended tasks was verified. This is reflected in its ability of unified power quality conditioning with a high efficiency. Although only balanced conditions are tested, the device is applicable to unbalanced systems with some adjustments [17, 18] . It is anticipated that the UPQM will find increasing use in the future.
